INTRODUCTION
============

DNA-binding transcription factors (TFs) in bacteria are classified in at least 50 protein families based on sequence similarity and domain composition ([@gks1184-B1; @gks1184-B2; @gks1184-B3; @gks1184-B4; @gks1184-B5]). Prokaryotic TFs are usually composed of two domains: (i) a DNA-binding domain that provides the basic function in the recognition of specific DNA sequences and (ii) an effector-sensing domain that modulates the TF activity by monitoring cellular signals and binding specific ligands. The distribution of TFs by families varies among bacterial lineages, mainly due to massive lineage-specific expansions of specific TF families and frequent horizontal gene transfer of individual TFs ([@gks1184-B6]). Gene duplication followed by functional diversification of the duplicated genes is a major driver of evolution. Evolution of diverse DNA-binding and ligand-binding activities in a given TF family is a widely observed phenomenon. However, our understanding of the evolutionary mechanisms driving the observed diversity in large and functionally heterogeneous families of TFs is very limited.

Several families of transcriptional regulators in bacteria possess effector-sensing domains that are homologous to ligand-binding domains of non-regulatory proteins. For instance, the sugar-binding domains in regulators from the LacI and DeoR families share the fold with periplasmic binding proteins (PBPs) of sugar uptake ABC transporters ([@gks1184-B7]) and enzymes from the sugar isomerase family ([@gks1184-B8]), respectively. Structural similarity between the effector-sensing domains of these regulators and the ligand-binding domains of enzymes and transporters suggests that the respective protein families are evolutionarily related. Phylogenetic analysis of PBPs and LacI family regulators revealed that the acquisition of the DNA-binding domain occurred in the last common ancestor of bacteria, and that both functional groups have since undergone extensive gene duplication with parallel evolution of ligand specificity ([@gks1184-B7]). Whether similar evolutionary scenarios could explain the origin of functional divergence of ligand specificities in other TF families remains an open question.

To understand the mechanisms of diversification of ligand specificity, we selected the ROK (repressor, open reading frame, kinase) protein family that includes two functionally diverse groups of proteins: (i) catalytically active sugar kinases and (ii) sugar-responsive transcriptional repressors that possess an N-terminal DNA-binding fused to a C-terminal sugar-binding domain from the ROK family ([@gks1184-B9]). The ROK protein family is characterized by the PF00480 domain that belongs to the Actin-ATPase clan in the Pfam database ([@gks1184-B10]). The broad distribution of this family in bacterial genomes is illustrated by ∼9600 proteins in Pfam (on August 2012). Among these, nearly 1700 proteins (18%) are potential regulators that possess an N-terminal DNA-binding domain. Some taxonomic groups of bacteria, such as the deep-branching phylum Thermotogae analyzed in this work, demonstrate lineage-specific expansion of putative regulators from the ROK family. However, the specificity and functional role of most ROK regulators remain unknown. The only regulators in this family that have been characterized so far are sugar-responsive NagC from *Escherichia coli*, XylR from *Bacillus subtilis* and CsnR from *Streptomyces lividans*. The NagC regulator negatively controls the *N*-acetylglucosamine (GlcNAc) utilization pathway ([@gks1184-B11]) with GlcNAc-6-phosphate being a negative effector ([@gks1184-B12]). XylR functions as a xylose-responsive repressor of the xylose utilization pathway ([@gks1184-B13],[@gks1184-B14]). The transcriptional repressor CsnR controls the chitosane utilization pathway by responding to [D]{.smallcaps}-glucosamine-containing oligosaccharides ([@gks1184-B15]).

In contrast to regulators, a number of ROK-family kinases that are active on various sugar hexoses including [D]{.smallcaps}-glucose, [D]{.smallcaps}-allose, [D]{.smallcaps}-mannose and [D]{.smallcaps}-fructose, as well as on amino sugars have been biochemically characterized ([@gks1184-B9],[@gks1184-B16]). The level of substrate selectivity varies among different ROK kinases, e.g. the *B. subtilis* fructokinase is specific toward [D]{.smallcaps}-fructose, whereas the glucokinase from *Thermotoga maritima* has a broader specificity showing activity on a range of hexoses including [D]{.smallcaps}-mannose and GlcNAc ([@gks1184-B17]). Tertiary structures of multiple kinases from the ROK family have been solved, both in a sugar-free form and in complexes with their natural substrates. Among structurally characterized ROK-family proteins are a fructokinase from *B. subtilis* ([@gks1184-B18]), a glucokinase from *Streptomyces griseus* ([@gks1184-B19]), hexokinases from *Arthrobacter* sp. ([@gks1184-B20]) and *Thermus thermophilus* ([@gks1184-B21]) and human *N*-acetyl-[D]{.smallcaps}-mannosamine (ManNAc) kinase ([@gks1184-B22]).

The knowledge of exact functions of multiple diverse family representatives is essential for the analysis of evolution and distribution of substrate specificity in the entire family. We use an integrative genomic approach for the analysis of a reference set of regulons associated with a particular family of TFs ([@gks1184-B23],[@gks1184-B24]). This approach combining genomics-based reconstruction of regulons and associated pathways allows us to accurately identify regulatory DNA motifs, regulated genes and effectors ([@gks1184-B25]) as previously demonstrated for a number of transcriptional regulons in various groups of bacterial genomes ([@gks1184-B26],[@gks1184-B27]). Among them were detailed reconstructions of transcriptional regulons controlled by two groups of orthologous TFs from the ROK family, NagC in Proteobacteria ([@gks1184-B28]) and XylR in Firmicutes ([@gks1184-B29],[@gks1184-B30]). Experimental validation of the predicted TF regulons and effectors provides the basis for propagation of solid annotations in functionally heterogeneous TF families and further analysis of molecular determinants of functional specificities.

In this study, we combined bioinformatics and experimental approaches to identify functions and specificities of multiple ROK-family regulators present in hyperthermophilic bacteria from the Thermotogae phylum. For the majority of these regulators, we predicted and verified their candidate DNA-binding motifs, biological roles and molecular effectors. Using the expanded reference set of characterized ROK regulators, we established the signature amino acid residues in their ligand-binding domains and proposed a model of functional diversification in the ROK family in Thermotogae.

MATERIALS AND METHODS
=====================

Bioinformatics techniques
-------------------------

### Computational tools and resources

Regulators from the ROK protein family were identified in the Thermotogae genomes based on homology to NagC from *E. coli* (REFSEQ: NP_415202) and XylR from *B. subtilis* (REFSEQ: NP_389641) using BLAST with an *E*-value threshold 1.0E−5 ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1)). Multiple sequence alignment of the ROK family proteins was performed with Clustal Omega ([@gks1184-B31]); the phylogenetic tree with bootstrap values was computed using RaxML ([@gks1184-B32]) and visualized with Dendroscope ([@gks1184-B33]). Orthologous groups of the ROK regulators were identified as bidirectional genome-wide similarity hits using the Genome Explorer package with a 30% protein sequence identity threshold ([@gks1184-B34]) and were validated by the analysis of the phylogenetic tree. The MicrobesOnline database and tools (<http://www.microbesonline.org/>) ([@gks1184-B35]) were used for comparative analysis of genomic contexts for the ROK-family regulator genes, as well as for the identified regulon members. The Thermotogae species tree was constructed using the concatenated alignment of 78 universal proteins in MicrobesOnline (<http://www.microbesonline.org/cgi-bin/speciesTree.cgi>). Functional annotation of genes from the predicted regulons and reconstruction of the associated metabolic pathways was performed in the SEED genomic platform (<http://pubseed.theseed.org/>) ([@gks1184-B36]).

### Genomic reconstruction of regulons

For reconstruction of regulons for ROK-family TFs, we used the established approach based on the comparative genomic analysis of candidate TF-binding sites (TFBSs) in closely related genomes \[reviewed in ([@gks1184-B37])\]. For each group of TF orthologs, a probabilistic model of a putative TFBS motif was constructed and used to search for additional candidate binding sites in a set of related genomes and to perform further cross-genomic comparison of regulons. The RegPredict web server tool (regpredict.lbl.gov) ([@gks1184-B38]) was used for identification and further comparative analysis of candidate TFBSs of ROK-family regulators. The regulon inference started from construction of training sets of potentially co-regulated genes from conserved genomic neighborhoods of the analyzed TF genes. In each of the seven studied groups of orthologous ROK regulators, the training sets of upstream non-coding regions of potentially regulated operons were extracted and used in the iterative motif detection procedure 'Discovery Profile' implemented in RegPredict. Candidate motifs of palindromic symmetry were analyzed, as it is known that ROK-family TFs bind to palindromic motifs ([@gks1184-B13],[@gks1184-B39]). For each predicted regulatory motif, a nucleotide frequency positional weight matrix (PWM) was calculated as previously described ([@gks1184-B40]). At the next stage, the constructed PWMs were used by the 'Run Profile' procedure to search for candidate TFBSs in the genomes that had orthologs of a particular ROK regulator and to find additional genes with the same DNA motif in upstream regions. PWM scores of candidate sites were calculated as the sum of positional nucleotide weights. TFBS motifs were visualized as sequence logos using WebLogo ([@gks1184-B41]). The details of the reconstructed ROK-family regulons are captured in the RegPrecise database (<http://regprecise.lbl.gov/>) ([@gks1184-B42]) as part of the Thermotogae collection.

### Prediction of signature residues

For identification of specificity-determining residues (SDRs) in effector-binding domains of ROK-family regulators, we used a computational method that relies on the assumption that binding specificity is conserved among orthologous proteins and is different in paralogous proteins ([@gks1184-B43]). Analysis of SDRs in a protein family starts from the selection of groups of orthologous proteins (the specificity subgroups) and proceeds with identification of residues that can better discriminate between these specificity groups. Candidate SDRs for the analyzed regulators from the ROK family in Thermotogae were identified using the SDPfox tool ([@gks1184-B44]), which requires as input a multiple sequence alignment and a grouping of proteins based on their specificity. As an output, the SDR prediction tool provides a list of rankings for each individual alignment position, and the ranking indicates the significance of the position in distinguishing different isofunctional groups. The ranked list of potential SDRs identified in the analyzed ROK regulators was truncated using the recommended threshold ([Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1)). To exclude false-positive predictions of SDRs, we filtered out the SDRs located within the hydrophobic core of a protein and SDRs weakly conserved within the specificity groups. The solvent accessibility of residues was calculated using the DSSP tool ([@gks1184-B45]) and the available tertiary structure of the ROK-family regulator TM1224 (PDB code 2HOE). The conservation score for SDRs was calculated using the previously described method ([@gks1184-B46]). The applied thresholds for the solvent accessibility and the conservation score were 20 and 0.9, respectively. The selected seven SDRs were mapped onto the available tertiary structures of the TM1224 regulator and two ROK kinases including the *S. griseus* glucokinase in complex with [D]{.smallcaps}-glucose (3VGL) and human ManNAc kinase in complex with ManNAc (2YHW) ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1)). The signature residues were visualized on the protein structures using the Chimera tool ([@gks1184-B47]).

Experimental procedures
-----------------------

### Bacterial strains, reagents and gene cloning

The *E. coli* DL41 strains that carry a pMH2T7-derived plasmid harboring *T. maritima* genes TM0393, TM0808 or TM1224 under control of the arabinose-inducible T7 promoter were a kind gift from Dr S. Lesley at the Joint Center for Structural Genomics ([@gks1184-B48]). The *T. maritima* genes TM0032, TM0110, TM0411 and TM1847 were amplified by polymerase chain reaction (PCR) using specific primer pairs from *T. maritima* MSB8 genomic DNA and cloned into the expression vectors pET28a (Novagen, Madison, WI, USA), pODC29 ([@gks1184-B49]) or pSMT3 ([@gks1184-B50]) ([Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1)). The pSMT3 expression vector ([@gks1184-B50]) used for the expression of TM1847 was a kind gift from Dr Lima from Cornell University. The resulting plasmids were confirmed by DNA sequencing and transformed into *E. coli* BL21 (DE3) (Gibco-BRL, Rockville, MD, USA). Enzymes for PCR and DNA manipulations were from New England Biolabs Inc. (Beverly, MA, USA). Plasmid purification kits were from Promega (Madison, WI, USA). PCR purification kits and nickel--nitrilotriacetic acid (Ni--NTA) resin were from QIAGEN Inc. (Valencia, CA, USA). Oligonucleotides for PCR and sequencing were synthesized by Sigma-Genosys (Woodlands, TX, USA).

### Protein purification

Recombinant proteins TM0393, TM0808, TM1224, TM0032, TM0110 and TM0411 containing an N-terminal His~6~ tag were overexpressed in *E. coli* in 50-ml volume culture and purified using Ni^2+^-chelating chromatography, as previously described ([@gks1184-B51]). TM1847 was produced as the Smt3-His~6~-tagged recombinant protein by the same procedure. After purification, N-terminal poly-histidine Smt3 fusion tag was removed from the recombinant TM1847 protein by incubation with the Ulp-4 protease. Protein size, expression level, distribution between soluble and insoluble forms and extent of purification were monitored by SDS--PAGE. Protein concentration was determined by the Quick Start Bradford Protein Assay kit from Bio-Rad. All proteins were obtained with high yield (\>1 mg) and purity (80--90%).

### DNA-binding assays

The interaction of the purified recombinant tagged proteins with their cognate DNA-binding sites in *T. maritima* was assessed using the electrophoretic mobility shift assay **(**EMSA). Two sets of 3′-labeled DNA oligonucleotides containing the predicted 23-bp DNA-binding sites from *T. maritima* were synthesized by Integrated DNA Technologies. DNA fragment sequences, sizes and labels used for testing of candidate regulator binding sites are given in [Supplementary Table S4](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1). Biotin-labeled DNA oligonucleotides were obtained for 11 candidate binding sites of six ROK regulators and included the surrounding genomic regions of these sites. Oligonucleotides with a fluorescence label (6-carboxyfluorescin) were synthesized for one TreR-binding site and two GluR-binding sites. The double-stranded labeled DNA fragments were obtained by annealing the labeled oligonucleotides with unlabeled complementary oligonucleotides at a 1:10 ratio. The biotin-labeled DNA fragments (0.1 nM) were incubated with increasing concentrations of the purified regulator protein (0.25--100 nM) in a total volume of 20 µl of the binding buffer containing 20 mM Tris--HCl (pH 8.0), 150 mM KCl, 5 mM MgCl~2~, 1 mM DTT, 1 mM EDTA, 0.05% NP-40 and 2.5% glycerol. Poly(dI-dC) was added to the reaction mixture as a non-specific competitor DNA at 1 µg to suppress non-specific binding. After 30 min of incubation at 60°C, the reaction mixtures were separated by electrophoresis on a 5% native polyacrylamide gel. The DNA was transferred by electrophoresis onto a Hybond-N^+^ membrane and fixed by UV cross-linking. Biotin-labeled DNA was detected with the LightShift chemiluminiscent EMSA kit (Thermo Fisher Scientific Inc, Rockford, IL, USA). The fluorescence-labeled DNA fragments (2 nM) were tested using the same assay and detected with the FLA-5100 fluorescent image analyzer. To assess DNA motif specificity, each regulator was tested for binding with DNA fragments containing regulatory sites of another *T. maritima* regulator from the ROK family. To identify effectors of the characterized ROK-family transcriptional regulators, additional EMSA experiments were performed to test the effect of various mono- and disaccharides on the DNA-binding affinity of regulators. For each regulator, one target DNA fragment containing a regulator binding site was selected, and the effect of carbohydrates was tested by their addition to the incubation mixture.

RESULTS
=======

Genomic reconstruction of regulons for ROK-family regulators in Thermotogae
---------------------------------------------------------------------------

To investigate the functional diversification of ROK-family regulators in the Thermotogae phylum, we start with the analysis of genomic context and reconstruction of associated regulons and pathways that allowed us to infer biological functions of these regulators and predict their specificities at two levels: DNA-binding sites and possible effectors.

### Genomic repertoire and features of ROK regulators in Thermotogae

Putative transcriptional regulators from the ROK protein family were identified in the genomes by homology-based scanning with two previously characterized ROK-family regulators, NagC from *E. coli* and XylR from *B. subtilis*. As the ROK protein family contains both DNA-binding regulators and kinases ([@gks1184-B9]), we checked the identified proteins for the presence of putative N-terminal DNA binding domains. Among 66 protein candidates identified by similarity searches, 13 proteins were filtered out as lacking a DNA-binding domain and containing solely the ROK kinase domain. Hence, we identified 53 putative ROK-family regulators that are unevenly distributed among 11 analyzed genomes ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1)). The phylogenetic tree of the ROK-family regulators ([Figure 1](#gks1184-F1){ref-type="fig"}) identified eight distinct groups of orthologous proteins in Thermotogae, with seven groups present in the model bacterium *T. maritima* ([Figure 2](#gks1184-F2){ref-type="fig"}). The largest group containing the TM0393 regulator has representatives in all but one of the Thermotogae genomes, whereas the representatives of the TM0808 group are present in all *Thermotoga* and *Thermosipho* species but not in other Thermotogae. Five groups of ROK regulators---including TM0032, TM0110, TM0411, TM1224 and TM1847---were found only in the *Thermotoga* spp. The last group contains only two orthologs found in the genomes of *Thermotoga lettingae* (Tlet_1225) and *Kosmotoga olearia* (Kole_1973). Further analysis was aimed at reconstruction of the ROK-family regulons and associated metabolic pathways that allowed us to predict DNA motifs and possible effectors for ROK regulators in Thermotogae. Figure 1.Phylogeny and specificities of ROK-family regulators in the Thermotogae phylum. The maximum likelihood phylogenetic tree of all ROK proteins identified in 11 Thermotogae genomes was reconstructed using the RaxML program with 1000 bootstrap replicates. The numbers in nodes represent bootstrap values in percentages. The *E. coli* NagC and *B. subtilis* XylR proteins were used as outgroups. Attribution of gene locus tags to the genomes is given in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1). The branches are colored based on their predicted functional specificities. Experimentally determined sugar ligands are shown in red font; predicted ligands are in black. [D]{.smallcaps}-glucose is a secondary effector for XylR and BglR regulators. The amino acid distributions of seven SDRs and five conserved residues are shown as a logo. Positions of the SDRs and conserved residues are according to the alignment in [Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1) and are highlighted in yellow and magenta, respectively. Figure 2.Distribution of eight ROK-family regulators encoded in 11 Thermotogae genomes.

### Reconstruction of regulons and prediction of DNA motifs

Analysis of genomic context revealed that all studied ROK-family regulators are located within gene loci encoding components of carbohydrate utilization pathways such as sugar ABC transporters and carbohydrate-active enzymes. To find sets of genes regulated by ROK regulators, we used the standard comparative genomics procedure for *de novo* regulon inference implemented in the RegPredict tool ([@gks1184-B38]) that was previously used for the genomic reconstruction of multiple novel TF regulons ([@gks1184-B23],[@gks1184-B24],[@gks1184-B52; @gks1184-B53; @gks1184-B54]). For each group of orthologous ROK regulators, we collected training sets of DNA upstream regions of prospective target operons identified by the genomic context analysis, and applied the DNA motif recognition program to derive a conserved 23-bp palindromic motif. Then, we used the identified regulatory motifs to search for additional sites in genomes encoding the orthologous regulators. Multiple alignment of non-coding regulatory regions of orthologous genes from closely related *Thermotoga* genomes (phylogenetic footprinting) confirms a high degree of conservation of the predicted regulatory sites ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1)).

The predicted ROK regulator-binding motifs and the content of reconstructed regulons in *T. maritima* are illustrated in [Figure 3](#gks1184-F3){ref-type="fig"}. Detailed information about binding sites and downstream regulated genes is provided within the Thermotogae collection in the RegPrecise database (<http://regprecise.lbl.gov/RegPrecise/collection_tax.jsp?collection_id=4>). The reconstructed TF regulons vary both by number of cognate binding sites and by number of genes within candidate-regulated operons. Each of the three local regulators, TM0032, TM0411 and TM0808, has a single target DNA site per genome and controls one operon containing five to nine genes. The other three regulators, TM1224, TM1847 and TM0393, have two target DNA sites per genome and control two target operons each. In the case of TM1847, the target operons are adjacent to each other. In contrast, the TM0110 regulator exhibited a more global pattern of gene regulation, with each genome bearing five to six binding sites controlling seven or eight target operons containing up to 27 target genes. The predicted DNA motifs were experimentally tested as described in the 'Materials and Methods' section. Figure 3.Functional and genomic context of ROK-family regulons in *T. maritima.* Validated and predicted effectors of regulators are listed in red and black, respectively. Regulator binding sites and downstream regulated genes are shown by circles and arrows, respectively. Sequence logos representing the consensus binding site motifs were built using all candidate sites in the Thermotogae genomes. Genes encoding transcriptional regulators and components of sugar uptake transporters are shown in black and pink, whereas the genes encoding the secreted and intracellular sugar catabolic enzymes are in yellow and light green, respectively. Hypothetical genes are in gray. The *T. maritima* gene IDs are given inside the genes.

### Functional content of reconstructed regulons and prediction of possible effectors

We assessed the functional content of the reconstructed regulons to tentatively predict possible biological functions and effectors of ROK-family regulators in *Thermotoga* spp. Metabolic reconstruction of the respective sugar catabolic pathways, and prediction and refinement of functions of co-regulated genes were performed using the subsystem-based approach implemented in the SEED genomic platform ([@gks1184-B36]). The results of this analysis are captured in the SEED subsystem 'Sugar utilization in Thermotogae', which is available online (<http://pubseed.theseed.org/>). Overall, the analyzed regulons are associated with specific sugar catabolic pathways that include components of three functional types: (i) secreted enzymes for breakdown of poly- and oligosaccharides; (ii) sugar uptake transporters and (iii) intracellular enzymes constituting a sugar catabolic pathway. Thus, the predicted regulons in *T. maritima* comprise 34 components of ABC-type transporters for mono- and oligosaccharides, 19 intracellular sugar catabolic enzymes, 6 secreted sugar hydrolases, 7 ROK-family regulators (that are subject to autoregulation) and 3 proteins of unknown function ([Figure 3](#gks1184-F3){ref-type="fig"}). Each of these novel regulators was functionally annotated and named using an abbreviation of the target sugar catabolic genes as described below.

The ChiR/TM0808 regulon contains seven genes that are organized in a single operon, *chiR-cbsA-chiEFG-nagBA*. The β-*N*-acetylglucosaminidase CbsA is a cytoplasmic enzyme catalyzing hydrolysis of GlcNAc in chitobiose and other chitin-derived oligosaccharides ([@gks1184-B55]). NagA and NagB are homologous to the GlcNAc-6-P deacetylase and GlcN-6P isomerase from *Shewanella oneidensis*, respectively ([@gks1184-B28]). Based on tentative pathway reconstruction, the ChiR regulon is responsible for utilization of chitin and/or products of its degradation, chitobiose and GlcNAc. The physiological studies suggest that *T. maritima* is unable to grow on GlcNAc or chitin as a single carbon source (V. Portnoy, personal communication). Thus, we propose that the ChiR-controlled catabolic pathway is responsible for utilization of chitobiose. An ABC-type sugar transporter encoded in the ChiR-regulated operon (termed ChiEFG) is likely involved in the chitobiose uptake. Chitobiose can be largely available in natural habitats populated by *Thermotoga* spp. (e.g. the geothermally heated sea floors) due to: (i) chitin-rich sediment rain to the sea floor and (ii) chitinolytic activity of the microbial community in the sea floor ([@gks1184-B56]).

XylR/TM0110 in *T. maritima* co-regulates multiple gene operons encoding enzymes and transporters for the utilization of xylose and xylose-containing xylosides ([@gks1184-B17],[@gks1184-B57],[@gks1184-B58]). ManR/TM1224 co-regulates two operons involved in the degradation of β-mannan and the utilization of resulting mannose-containing oligosaccharides ([@gks1184-B57],[@gks1184-B58]). BglR/TM0032 regulates an operon involved in the utilization of β-linked glucose polymers (e.g. glucans), and the utilization of resulting β-glucosides such as cellobiose ([@gks1184-B57],[@gks1184-B58]). TreR/TM0393 co-regulates the trehalose transporter operon *treEFG* ([@gks1184-B59]), and the *treTR* operon encoding the trehalose degradation enzyme TreT ([@gks1184-B60]). GluR/TM1847 co-regulates the glucose transporter *gluEFK* ([@gks1184-B59]) and the trehalose transporter *treEFG*. The trehalose and glucose transporters are significantly upregulated in *T. maritima* grown on glucose ([@gks1184-B61]), and the *treEFG* transporter is also upregulated on trehalose (V. Portnoy, personal communication), thus confirming the GluR and TreR regulons. Finally, IolR/TM0411 regulates an operon encoding a novel variant of the *myo*-inositol catabolic pathway (I. Rodionova, personal communication).

Based on the metabolic pathway reconstruction and the knowledge of pathway metabolites, a range of possible molecular effectors was suggested for most ROK-family regulators in Thermotogae ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1)). In contrast with DNA motifs, specific effectors cannot be unambiguously predicted solely from genome analysis. Suggested candidate effectors of seven regulators from *T. maritima* were experimentally tested (as described in the next section), providing the basis for the analysis of structural determinants of effector specificity.

Experimental assessment of predicted DNA motifs and effectors of ROK regulators
-------------------------------------------------------------------------------

Seven ROK-family regulators from *T. maritima*---BglR/TM0032, ManR/TM1224, XylR/TM0110, ChiR/TM0808, TreR/TM0393, GluR/TM1847 and IolR/TM0411---were assessed *in vitro* for their ability to recognize the predicted DNA operator sites and effectors. Each regulator gene was cloned and overexpressed in *E. coli*, and the recombinant protein was purified by Ni^2+^-chelating chromatography. We used EMSA to test specific DNA binding of the purified ROK proteins to the synthetic DNA fragments containing the predicted 23-bp DNA sites from *T. maritima*. The results of all EMSA experiments are available in [Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1) and are briefly described below.

### DNA motif binding specificities

All tested ROK regulators demonstrated a concentration-dependent formation of shifted DNA bands when tested with DNA fragments containing their predicted regulator-binding sites ([Figure 4](#gks1184-F4){ref-type="fig"}A; the complete results are provided in [Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1)). As determined by EMSA experiments, the minimal effective concentration (MEC) of protein that is required to shift at least 80% of target DNA was in the 0.5--25 nM range ([Table 1](#gks1184-T1){ref-type="table"}). The ChiR protein demonstrated the complete band shift at minimal concentration of 0.5 nM. For the XylR protein, the band shift for all five target sites was essentially complete at protein concentrations above 2.5--5.0 nM. The BglR and IolR proteins demonstrated similar affinities to their cognate DNA sites, producing a complete shift at 2.5 nM. For the ManR regulator, a high-scoring binding site at the *manB* gene and the low-scoring site at the *mtpE* gene showed the complete band shifts at protein concentrations above 10 and 25 nM, respectively. In summary, the results of *in vitro* binding assays provide experimental validation for all 14 predicted DNA binding sites of seven ROK-family regulators in *T. maritima*. Figure 4.EMSA with *T. maritima* ROK-family regulators and their predicted DNA target fragments. Titration of ROK regulators for binding of their target DNA fragments (0.1 mM). EMSA was performed in the absence (lane 1) and in the presence of increasing protein concentrations. Table 1.Validated binding motifs of ROK-family regulators in *T. maritima*RegulatorRegulator-binding DNA motifRegulated target gene[^a^](#gks1184-TF1){ref-type="table-fn"}EMSA validationBinding site sequenceDistance to ATGPWM scoreDNA label[^b^](#gks1184-TF2){ref-type="table-fn"}MEC[^c^](#gks1184-TF3){ref-type="table-fn"}, nMTM0110/XylRGAAATTTCTTTAGAGGAAAAAAT−455.28*TM0309/xtpN*biotin2.5AATATTTCCCGAAAGGAAAAAAT−535.67*TM0071/xloE*biotin5.0ATAATTGATTGATAGAAAAAATT−384.91*TM1667/xylA*biotin5.0ATTATTTCCTGCATATAATTAAT−615.33*TM0110/ xylR*biotin2.5ATTTTTTCTTTACAAAAAATAAC−875.61*TM0061 xynA*biotin2.5TM0808/ChiRAAGTTGTTTGCGGCATGCAACTA−276.85*TM0808/chiR*biotin0.5TM0032/BglRAATTTCTTTCTGAGGAAGATAGA−456.80*TM0032/bglR*biotin2.5TM0411/IolRGTTGGTTAGTTAACGATAACAAA−396.04*TM0411/iolR*biotin2.5TM1224/ManRAAATAAGTAAAGTTTACTAATTA−387.51*TM1227/manB*biotin10TTATTAGTAAGTGTTATTTATTA−505.15*TM1746/mtpE*biotin25TM0393/TreRATTaATTCAagTTACGAATAAAT−395.99*TM0392/treT*biotin10tTaTtTTCATTTAACGAAaAAAa−1385.80*Thema_1380/treE*fluo.200TM1847/GluRATTTAATTCCtTTGGAAaTTAAT−1216.28*Thema_1377/gluE*fluo.100ATTTgATTACAAcGTcATTTAAc−475.98*Thema_1380/treE*fluo.100[^2][^3][^4]

### Effector specificities

To test the effects of various mono- and disaccharides on DNA binding of each ROK regulator, we performed additional EMSA experiments with a selected subset of DNA fragments containing regulator-binding sites ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1)). The specific DNA-binding ability of all tested ROK regulators except IolR was abolished by one or several carbohydrates in a concentration-dependent manner ([Table 2](#gks1184-T2){ref-type="table"}). The binding assays confirm that a disaccharide chitobiose but not monosaccharide GlcNAc is a specific effector of ChiR, a predicted regulator of the chitobiose utilization operon. The XylR regulator of xylan/xyloside utilization pathways in *Thermotoga* spp. demonstrated broader effector specificity: in addition to [D]{.smallcaps}-xylose (MEC 0.02 mM), the specific DNA-binding of XylR was also suppressed by [D]{.smallcaps}-glucose (but with MEC \>0.2 mM). Interestingly, it was previously shown that [D]{.smallcaps}-glucose is weakly active as an inducer for the xylose-responsive repressor XylR in *B. subtilis* ([@gks1184-B62]). The specific binding of the laminarin/β-glucosides utilization regulator BglR to its cognate DNA operator was affected by both monosaccharide [D]{.smallcaps}-glucose and disaccharide cellobiose with MEC 0.2 and 2.0 mM, respectively. The trehalose utilization regulator TreR showed strict preference for this disaccharide (MEC 0.2 mM) and did not respond to [D-]{.smallcaps}glucose, even at much higher concentrations. The predicted glucose-responsive regulator GluR, which controls the glucose and trehalose ABC transporters in *T. maritima*, was affected by [D]{.smallcaps}-glucose at 2 mM but was not affected by other tested sugars. Finally, the inositol catabolism regulator IolR did not respond to any tested sugars including *myo*-inositol, *myo*-inositol-1-phosphate, *scyllo*-inositol, the *myo*-inositol catabolic pathway intermediates (2-keto-*myo*-inositol, 5-keto-[D]{.smallcaps}-gluconate) and [D]{.smallcaps}-glucose ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1)). Table 2.Effectors of ROK-family regulators in *T. maritima* tested by EMSARegulator(Protein) nMRegulator target gene containing upstream binding site testedTested potential ligandsSugar(Sugar) mMEffect[^a^](#gks1184-TF4){ref-type="table-fn"}TM0808/ChiR1*TM0808/ chiR*Chitobiose2--20Partial to fullCellobiose≫20NoneGentibiose≫20None[D]{.smallcaps}-Glucose≫20NoneGlcNAc≫20NoneTM0110/XylR2.5*TM1667/ xylA*[D]{.smallcaps}-Xylose0.02--0.2Partial to full[D]{.smallcaps}-Glucose0.2--2.0Partial to full[D]{.smallcaps}-Mannose2--20Partial to fullTM0032/BglR2.5*TM0032/ bglR*[D]{.smallcaps}-Glucose0.2FullCellobiose0.2--2.0Partial to fullChitobiose≫2NoneGentibiose≫20PartialTM0411/IolR2.5*TM0411/ iolRmyo*-Inositol≫2No*scyllo*-Inositol≫2NoMI-Phosphate≫2No2-Keto-MI≫2No[D]{.smallcaps}-Glucose≫2NoTM1224/ManR50*TM1227/ manB*[D]{.smallcaps}-Mannose2.0Full[D]{.smallcaps}-Xylose≫20No[D]{.smallcaps}-Glucose≫20NoTM0393/TreR50*TM0392/ treT*Trehalose0.2Full[D]{.smallcaps}-Glucose≫20NoSucrose≫20NoTM1847/GluR50*Thema_1377/ gluE*[D]{.smallcaps}-Glucose\>2.0Partial[D]{.smallcaps}-Mannose≫20NoTrehalose≫20No[D]{.smallcaps}-Xylose≫20No[^5]

Structural determinants of effector specificity in the ROK family of regulators
-------------------------------------------------------------------------------

Based on the combined bioinformatic and experimental analysis, we selected seven presumably isofunctional groups of orthologous ROK regulators in Thermotogae to study the residues that determine specificity of regulators toward their molecular effectors ([Figure 1](#gks1184-F1){ref-type="fig"}). The high sequence similarity between the ligand-binding domains of the studied regulators and four structurally characterized sugar kinases within the ROK family allows us to assume that the active site in kinases corresponds to the effector-binding site in the regulators from this protein family ([Figure 4](#gks1184-F4){ref-type="fig"}). Various orthologous groups of ROK regulators in Thermotogae have distinct patterns of residues compared with those that are present in the active site of kinases ([Supplementary Table S5](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1)). Thus, the catalytically important ATP-binding motif of kinases (DxGxT) is altered in all but two groups. However, another feature important for kinase activity, the zinc-binding motif (CxCGxxGCxE/D), is largely conserved throughout the ROK family. Remarkably, the most significant variations among different groups of ROK regulators were observed for the residues implicated in sugar binding.

Using a multiple sequence alignment of the ligand-binding domains of 47 selected ROK regulators, we computed the SDRs that distinguish regulators from different groups ([Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1)). Seven SDRs that are presumably involved in effector recognition were selected by mapping into the tertiary structure of TM1224/BglR ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1)). We also selected five additional sugar-binding residues conserved in the active site of ROK kinases that were not identified as SDRs but which are substituted in some groups of the analyzed ROK regulators ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1)). The identified two groups of residues in the putative ligand-binding site of ROK regulators are represented as motif logos in [Figure 1](#gks1184-F1){ref-type="fig"}. The projection of these residues onto available tertiary structures of ROK kinases solved in complex with their cognate substrates, [D]{.smallcaps}-glucose or ManNAc, provides insights into the structural basis of their sugar ligand specificity ([Supplementary Table S6](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1) and [Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1)).

The identified carbohydrate effectors of ROK regulators can be classified by their molecular size (e.g. mono- or disaccharide), structure (e.g. the type of the glycosidic bond in disaccharides) and orientation of hydroxyl groups ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1)). Some of the observed variations in the ligand-binding site of ROK regulators were correlated with these features of sugar ligands ([Figure 1](#gks1184-F1){ref-type="fig"}). Thus, Asp226, which is involved in the recognition of the 6′-OH group of the sugar ligand ([Supplementary Table S6](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1)), is conserved in all analyzed proteins with the exception of the XylR and IolR groups of regulators. In the xylose-responsive regulator XylR, Asp226 is substituted by glutamic acid that has a longer side-chain, thus compensating for the absence of the 6′-OH group in the xylose effector. In the inositol catabolism regulator IolR, the negatively charged Asp226 is substituted by the neutral asparagine. Pro181 in the active site loop is conserved in all analyzed proteins with the exception of TreR, where it is substituted by serine. The effector of TreR is an α-linked glucose disaccharide, trehalose, making it distinct from the effectors of other regulators. In the tertiary structure of TM1224 (2HOE), Pro181 interacts with residues in the sugar-binding β6-β7 loop, likely contributing to coordination of this loop for ligand recognition.

Two signature residues located in the ligand recognition β6-β7 loop (positions 194 and 196) are presumably responsible for recognition of the 1′- and 2′-OH groups of the sugar ligand ([Supplementary Table S6](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1)). Large variations in these two residues in the analyzed ROK regulators are correlated with the differences in the 1′- and 2′-OH groups of their corresponding effectors. The three groups of glucose-responsive regulators GluR, XylR and BglR have identical Ala194 and Asn196, whereas other groups of ROK regulators are characterized by other specific patterns of residues in these positions. Hence, the mannose-responsive regulator ManR is characterized by proline in position 194, whereas mannose differs from glucose in the orientation of the 1′- and 2′-OH groups ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1)). Three signature residues in positions 116, 117 and 254, which are located in the ATP-binding loops in close vicinity to the ligand-binding site, demonstrate the patterns of variation throughout the specificity groups that correlate with particular properties of effectors. Gly116 is conserved in all studied regulators except ChiR and BglR that respond to β-linked disaccharides, whereas Gly254 is substituted by arginine in the GluR and XylR regulators, both of which respond to monosaccharides but not to disaccharides.

Among five sugar-binding residues conserved in the active site of ROK kinases, Gly182, Asn225, Glu277, His280 and Glu301, the first three are absolutely conserved in all studied ROK regulators, whereas the last two residues are substituted in two groups of regulators, ManR and ChiR ([Figure 1](#gks1184-F1){ref-type="fig"}). The conserved His280 contacts with the 2′-OH group of glucose in ROK kinases ([Supplementary Table S6](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1)). The His280 substitution correlates with the replacement of the 2′-OH group with the acetylated 2′-NH group in chitobiose (for ChiR), and with an opposite orientation of the 2′-OH group in mannose (for ManR). Another conserved residue, Glu301 that contacts the 1′-OH group, is substituted by aspartic acid in five out of seven ChiR proteins, thus likely contributing to recognition of the chitobiose effector.

DISCUSSION
==========

Sugar catabolic pathways in bacteria are often directly regulated by carbohydrate-responsive TFs that mediate induction of target catabolic operons in the presence of their cognate effectors, usually mono- or disaccharides ([@gks1184-B27],[@gks1184-B30],[@gks1184-B37],[@gks1184-B54],[@gks1184-B63],[@gks1184-B64]). Marine bacteria from the Thermotogae phylum provides us with a remarkable case of a lineage-specific expansion and diversification of the carbohydrate catabolic machinery ([@gks1184-B17]), where several families of sugar-related transcriptional regulators, such as ROK and LacI, are represented by multiple paralogs. The ROK family is the largest family of regulators in *Thermotoga* spp., and the model bacterium *T. maritima* alone has seven distinct ROK regulators ([Figure 2](#gks1184-F2){ref-type="fig"}). Analysis of distant homologs of the ROK regulators did not reveal their potential functional orthologs outside of the Thermotogae phylum. A large-scale phylogenetic analysis of ROK-family regulators suggests that all Thermotogae-specific regulators are likely monophyletic ([Supplementary Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1)). These observations allowed us to propose that the expansion of ROK-family regulators in Thermotogae was likely due to massive duplications and subsequent specializations to take control over distinct sugar catabolic pathways. The knowledge of specific functions within a reference set of divergent family members is essential for understanding the molecular mechanisms of functional diversification in large families of regulators. Therefore, in this study, we combined cross-genome context analysis and experimental techniques to assess functions and specificities of the carbohydrate-responsive regulators from the ROK family in Thermotogae. As a result of the combined *in vitro* and *in silico* analyses, the identified and validated novel functional roles and effectors of ROK-family regulators in Thermotogae allowed us to largely expand the reference set of characterized regulators in this family ([Figure 3](#gks1184-F3){ref-type="fig"}). Interestingly, the phylogentic analysis of the ROK regulators with experimentally characterized specificities or the regulators whose functions were predicted via the comparative genomic analysis ([Supplementary Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1)) suggests a convergent evolution of regulators for certain sugar catabolic pathways. Thus, the phylogenetic tree of ROK regulators suggests that different non-orthologous regulators were independently recruited for transcriptional control of the xylose utilization pathways in Thermotogae, Firmicutes and α-proteobacteria, as well as for the *N*-acetylglucosamine and chitin utilization pathways in Thermotogae, γ-proteobacteria and Actinobacteria.

Based on the expanded reference set of ROK regulators, we performed the structure functional analysis aiming to understand the mechanisms of carbohydrate recognition by these regulators ([Figure 1](#gks1184-F1){ref-type="fig"}). Using multiple alignment of sugar-binding domains of ROK regulators and homologous sugar kinases, we inferred the signature SDR residues and the conserved residues that presumably play a key role in the recognition of the carbohydrates in the effector-binding site of the ROK family transcriptional regulators. Comparison with the available tertiary structures of ROK kinases bound to their sugar substrates allows us to propose that the sugar effector is surrounded by two groups of conserved residues and two groups of SDRs that are presumably located in the protein loops on the opposite sides of the ligand-binding site ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1)). Two out of four SDR-containing loops (β4-β5 and β6-β7) are known to move toward the sugar-binding site when protein undergoes the conformational change upon ligand binding ([@gks1184-B19]). Previous mutagenesis studies with the AlsK and NanK kinases have proved the importance of the latter two loops for the substrate specificity of these enzymes ([@gks1184-B65]). We speculate that new specificities (except the XylR group) evolved without disturbing the conserved residues in the buried part of the binding site (positions 225 and 226) and the first side wall of the binding site formed by the conserved residues of the large domain (positions 277 and 280). The substitutions in the moving part of the binding site located in the β4-β5 and β6-β7 loops of the small domain apparently bring the major contribution into the effector specificity. Another group of SDRs located within the β1-β2 and β9-β10 loops in close vicinity to the sugar-binding site could be involved in the recognition of mono- and disaccharides serving as the gates for the sugar-binding site.

We combined the obtained results on the signature residues with phylogenetic analysis of the ROK family proteins and suggested the overall scenario for the evolution of ROK family TFs in the Thermotogae phylum. The largest group of TreR regulators has representatives in all but one Thermotogae genome ([Figure 2](#gks1184-F2){ref-type="fig"}). Conservation of this regulator suggests that it likely existed in the last common ancestor of Thermotogae. Representatives of the ChiR group of regulators are present in all *Thermotoga* and *Thermosipho* species but not in other Thermotogae, suggesting it has possibly emerged in the common ancestor of these two related lineages. Five other groups of ROK regulators were found only within the *Thermotoga* spp., suggesting their likely emergence by gene duplication in the common ancestor of this genus. Interestingly, three glucose-responsive regulators, GluR, XylR and BglR, form a single cluster on the phylogenetic tree and are characterized by highly similar SDR patterns ([Figure 1](#gks1184-F1){ref-type="fig"}). The established common response of these regulators to glucose (in addition to more specialized effectors) suggests that an ancestral regulator for this cluster has likely responded to glucose. The glucose-responsive GluR and xylose/glucose-responsive XylR proteins differ only in an SDR in position 226. We speculate that the Asp226--Glu226 substitution in the last common ancestor of XylR has expanded its specificity toward xylose. Similarly, the ability to recognize cellobiose by BglR can be attributed to concurrent substitutions in two SDRs in positions 116 and 254 ([Figure 1](#gks1184-F1){ref-type="fig"}). Thus, the specialization of duplicated ROK regulators in Thermotogae likely occurred via functional divergence of certain SDRs and conserved residues within the ligand-binding site. These results support the scenario of independent recruitment of non-orthologous regulators for the control of xylose and GlcNAc catabolic pathways in various taxonomic groups of bacteria.

The carbohydrate recognition by proteins is important to many biological processes including enzymatic reactions, transcriptional regulation and metabolite uptake. The determined specificities of ROK regulators in Thermotogae and the established correlations between the signature residues and the sugar ligands provide a framework for understanding the specificity of yet uncharacterized kinases and regulators in the ROK family. Site-directed mutagenesis of the identified SDRs and structural characterization of the ROK regulators in complexes with their cognate effectors are important directions for the future studies. The results of this analysis will enable the structure functional classification and evolutionary analysis of specificities for the entire ROK family, as it was recently performed for the FGGY family of sugar kinases ([@gks1184-B66]). The integrated approach, which combines comparative structural and evolutionary analyses with other predictive bioinformatic techniques such as reconstruction of pathways and regulons and focused experiments to test predicted functions, is generally applicable to other families of transcriptional regulators with diverse specificities.
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[^1]: The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors.

[^2]: ^a^TM IDs and names of the first genes in candidate-regulated operons are indicated.

[^3]: ^b^Biotin-labeled 49-bp DNA fragments (0.1 nM) and fluorescence-labeled 33-bp DNA fragments (2 nM) were used in EMSA assays.

[^4]: ^c^Minimal effective concentration of regulators that is required to shift at least 80% of target DNA in EMSA experiments. For details, [Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1).

[^5]: ^a^Potential effectors of ROK regulators were tested for their ability to abolish the protein-dependent shift of a target DNA fragment using EMSA experiments. For details, see [Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gks1184/DC1).
